This paper illustrates the development of an automated system for the on-line bioanalysis of dried blood spots (on-line DBS). In this way, a prototype was designed for integration into a conventional LC/MS/MS, allowing the successive extraction of 30 DBS toward the analytical system without any sample pretreatment.
Introduction
Over the past decade, dried blood spot (DBS) analysis has enjoyed growing popularity as an alternative sampling procedure in the bioanalytical, clinical and pharmaceutical community. Indeed, DBS offers numerous advantages over conventional whole blood, plasma, or serum sample collection. Furthermore, the procedure is clearly less invasive and cost effective in terms of sample collection, shipment and storage [1] [2] [3] [4] . Due to its easiness, the DBS collection can be performed after a small finger prick in a non-hospital environment with minimal training by technicians or even by patients themselves [5, 6] . Furthermore, the DBS sample process does not require the use of anticoagulant or plasma separation and ensures better stability of the compounds during shipment and storage without refrigeration [7] [8] [9] [10] . Lastly, the DBS process reduces the risk of infection by pathogens such as HIV or hepatitis, to a minimum [11, 12] .
Since its introduction for phenylketonurea screening in newborns, DBS sampling form has been successfully applied to multiple neonatal metabolic disorder screening programs [13] , and more recently to the monitoring of therapeutic agents [14] [15] [16] [17] [18] [19] , pharmacokinetic [20] , and toxicokinetic studies [21] . These combined advantages make the DBS procedure a patient-friendly tool for blood collection, especially in problematic and vulnerable patient populations [22] [23] [24] . The ease of the process can also help in the recruitment of subjects (human and animal) for preclinical and clinical studies [25] [26] [27] .
In many biomedical applications, LC/MS/MS is considered as the gold standard for the quantification of pharmaceutical compounds in biological samples, especially with the use of a triple stage quadrupole (QqQ) operating in MRM mode [28, 29] . Furthermore, recent advancements in MS technology have allowed for great improvements in terms of selectivity and sensitivity, which have promoted new opportunities in DBS analysis since concentra-tions under 1 ng/mL can be reached from only few a microliters of biofluid [30] .
Generally, an off-line extraction is performed before analysis using a mixture of aqueous and organic solvents to extract compounds from the filter paper. In order to increase the analytical throughput, different processes have been published permitting the direct analysis of DBS specimens [31] [32] [33] [34] . Among these approaches, we have published a new concept, called on-line desorption of dried blood spots (on-line DBS), allowing the on-line extraction of a DBS previously integrated into a conventional LC/MS system [35] . Although the advantages of the DBS sampling were coupled with a no sample pretreatment procedure, one weakness of the on-line DBS process was semi-automation. This weakness arose because only 6 DBS specimens could be analyzed successively. To be more compliant with high-throughput requirements, a homemade prototype was designed and developed to ensure the automation of the on-line DBS process.
Among the different applications, pharmacokinetic studies represent an interesting approach for the evaluation of the on-line DBS automated system because multiple samples have to be collected over a short period. In the present work, a pharmacokinetic study of flurbiprofen (FLB) and its metabolite 4-hydroxyflurbiprofen (OH-FLB) was performed on human volunteers to assess the activity of cytochrome P450 2C9 (CYP2C9). This enzyme is responsible for phase I (oxidative) metabolism of widely prescribed xenobiotics, such as nonsteroidal anti-inflammatory (NSAI) or anticoagulant drugs, and represents an important inter-individual variability which can lead to severe side effects when such drugs are administered [36] [37] [38] . The use of FLB, an NSAI drug, is commonly used for the phenotyping of CYP2C9 by determining the ratio between the phase I metabolite and the parent drug [37, 39, 40] .
In this paper, we report the use of an automated system for the on-line DBS analysis applied to the pharmacokinetic study of FLB and OH-FLB in human whole blood.
Experimental

Chemicals and reagents
FLB and naproxen (NAX) were purchased from Sigma-Aldrich (Steinheim, Germany). OH-FLB was gift of Prof T.S. Tracy (School of Pharmacy, West Virginia University, Morgantown). Stock solutions were prepared at 1000 g/mL in methanol. Working standard solutions were prepared by dilution in methanol of stock solutions to reach concentrations of interest ranging from 200 to 50,000 ng/mL, except for NAX, used as internal standard (IS), which was prepared by dilution in methanol to reach a concentration of 1000 ng/mL. After use, stock and working solutions were stored at −20 • C.
Both acetonitrile (ACN) and methanol (MeOH) were of the high-performance chromatographic grade from Merck (Darmstadt, Germany). Fresh human blood was supplied by the Geneva University Hospitals (Geneva, Switzerland) with EDTA as anticoagulant.
DBS sample processing
Preparation of calibration standards and quality control samples
Calibration standards (Cal) were prepared 1 day before analysis. After evaporation of appropriate working standard solutions previously added into Eppendorf tubes, fresh EDTA-whole blood was added to reach a calibration range of 100-10,000 ng/mL for FLB and 10-2000 ng/mL for OH-FLB.
Quality controls (QC) were simultaneously and independently prepared in the same way in our laboratory. Four QC samples at concentrations of 100, 500, 2000, and 10,000 ng/mL for FLB and 10, 50, 200, and 2000 ng/mL for OH-FLB were prepared 1 day before analysis, similarly to the calibration standards.
Blood spotting
Five microliters of real or spiked whole blood were spotted on a filter paper card, item no. 105355097 from Whatman (Dassel, Germany), using a volumetric micropipette (Eppendorf, Hamburg, Germany). The blood spots were allowed to dry at room temperature for 2 h and then packed in a sealable plastic bag containing desiccant until analysis. They were stored in the dark at ambient temperature except for short-term stability experiments, in which a variety of temperatures were tested.
DBS loading
Before analysis, a disc (i.d. 10 mm) containing the whole DBS was manually punched out and directly introduced into the desired position of the DBS prototype (described in Section 2.3.1). Then, 5 L of internal standard was added to the disc using the same volumetric micropipette used above.
Equipment
On-line DBS analyses were performed using a homemade prototype coupled to a LC/MS/MS system consisting of a 5500 QTtrap ® triple quadrupole linear ion trap (QqQ LIT ) mass spectrometer equipped with a TurboIon Spray TM interface (AB Sciex, Concord, ON, Canada) and an Agilent series 1100 (Waldbronn, Germany) as LC system. Data were acquired and processed using Analyst software (version 1.5.1; AB Sciex, Toronto, Canada).
On-line DBS automated system and chromatographic conditions
In contrast to previous reports [25, 35] , the on-line extraction of DBS was henceforth carried out in an automated way. For this, a prototype was developed in our laboratory allowing the successive analyses of 30 DBS samples.
The developed prototype consisted of two main components, shown in Fig. 1 . The first component was an inox plate set on a stand with an electrical engine inside allowing the complete rotation of the plate around y-axis. The upper surface of the plate was machined to form 30 wells, each of which could receive a 10-mm filter paper disc.
The second component was an articulate inox clamp characterized by a movement toward the plate along z-axis. The body of the clamp contained two pistons that ensured the lock on the desired position when the clamp was above the plate. The sealing between the pistons and the plate was guaranteed by a flexible viton ring. Each piston was machined to be fit with conventional HPLC tubing. The movement of the clamp and the closing of the pistons were activated by pressurized air (6 bars).
Finally, a numerical command panel permitted either manual control of the prototype or running by a programmed sequence synchronized with the LC/MS/MS system. The DBS prototype was connected or disconnected to the chromatographic system by way of a 6-port valve (see Fig. 2 ). When the clamp was locked on the desired position, a start signal was sent by the prototype to the LC/MS/MS device using a remote cable. At this moment, valve 1 was switched in position 1 and the online desorption of the DBS sample was started by pump 1 using 100% MeOH at a flow rate of 0.1 mL/min. At 2.65 min, the quaternary pump (pump 2) was started using 100% H 2 O at a flow rate of 0.9 mL/min to adjust the chemical proprieties of the desorption mobile phase by the use of a tee connector. Thus, the global mobile phase H 2 O-MeOH (90:10, v/v) at 1.0 mL/min permitted the focalization of the analytes of interest ahead of the analytical column (Chromolith Flash RP-18e, 25 mm × 4.6 mm). After the desorption step (t = 5.0 min), valve 1 was then returned to its initial position (0) disconnecting the prototype from the analytical column. After a washing period of 1.0 min (100% H 2 O at 0.8 mL/min), a generic gradient from H 2 O-ACN (100:0, v/v) to H 2 O-ACN (5:95, v/v) over 4 min was delivered by pump 2 at a flow rate of 0.8 mL/min, allowing the separation of the analytes prior to their detection. The method featured a 16-min total run time per analysis, including desorption step and column reequilibration. To avoid carry-over, a cleaning of the clamp, locked in the retracted position, was carried out by applying a MeOH flow rate at 0.5 mL/min over 5 min at the same time as the analysis step (see Fig. 2 
(C)).
The on-line DBS automated system was then evaluated through the validation of the FLB and OH-FLB quantification method described in Sections 2.4 and 2.5.
Mass spectrometric detection
The TurboIon Spray interface was operated in the negative ionization mode. Nitrogen was used as curtain and nebulizer gas and the source parameters were set to a temperature of 650 • C, a capillary voltage of −3500 V, an entrance potential of −10 V, a curtain gas pressure of 20 psi, a nebulizer gas (GS1) pressure of 30 psi, and an auxiliary gas (GS2) pressure of 40 psi.
The multiple reaction monitoring (MRM) experiments were based on collision-induced dissociation (CID) occurring in the collision cell (quadrupole 2). For each compound, two MRM transitions were used for quantification and identification, respectively, and selected on the criteria of abundance and selectivity. All the MRM parameters are listed in Table 1 .
Validation process
A full validation procedure in human DBS was conducted according to the guidelines of the "Société Franç aise des Sciences et des Techniques Pharmaceutiques" (SFSTP) [41] .
For each of 3 non-consecutive days, DBS Cal were prepared in duplicate (n = 2) at five concentration levels (k = 5; Cal = 10, 25, 100, 500, and 1000 ng/mL for OH-FLB, and Cal = 100, 250, 1000, 5000, and 10,000 ng/mL for FLB) for determining the function response. Furthermore, DBS QC were prepared independently in the same way in quadruplicate (n = 4) at four concentration levels (k = 4; QC = 10, 50, 200, and 1000 ng/mL for OH-FLB, and QC = 100, 500, 2000, and 10,000 ng/mL for FLB), representing the entire range of concentrations tested. The validation process allowed the determination of specific criteria such as trueness, precision, linearity, limit of quantification (LOQ), and limit of detection (LOD), which will be discussed later.
Carry-over, recovery and matrix effect
Carry-over was investigated by analysis of seven DBS (containing OH-FLB and FLB at 1000 and 10,000 ng/mL, respectively) in order followed by two blank filter papers.
The overall analyte recovery was calculated at two concentration levels (lowest and highest QCs) measured in triplicate by comparing the absolute analyte peak area of real DBS samples to those obtained from compounds directly injected in the mobile phase.
In the same way, evaluation of matrix effect was carried out by comparing the absolute analyte peak area of DBS to corresponding Table 1 MS/MS parameters for flurbiprofen (FLB), 4-hydroxyflurbiprofen (OH-FLB), and naproxen (NAX). Quantitative transitions are underlined. standard methanolic solutions previously spotted on filter paper (dried methanol spot, DMS). This experiment was performed at two concentration levels (equal to the recovery) in triplicate. Moreover, matrix effect investigation was also performed by post-column infusion consisting of the analysis of blank DBS specimens placed in the prototype while the compounds were infused in the mobile phase after the analytical column [25, 35] .
Stability of DBS
To test the short-term stability of the analytes on filter paper, DBS containing OH-FLB and FLB at two concentration levels (lowest and highest QCs) were prepared from fresh whole blood as described in the DBS sample processing section and stored at different temperatures (i.e. −20 • C, +4 • C, +40 • C, and ambient temperature). Stability assay was carried out over 1 month by comparing concentrations obtained from 30-day-old DBS with those obtained from 1-day-old DBS specimens. Each measurement was performed in triplicate.
Pharmacokinetic study
To correlate both capillary whole blood and venous plasma concentrations, a pharmacokinetic study was carried out on healthy male volunteers (n = 10) after oral administration of a single 50-mg dose of FLB (one tablet of 50 mg, Froben, Abbott AG, Baar, Switzerland). FLB and its metabolite OH-FLB were then monitored over 8 h. For each sampling time, capillary whole blood (i.e. 5 L) was collected on filter paper after a small finger prick (BD Microtainer, Contact-Activated Lancet, Plymouth, United Kingdom), whereas venous blood was simultaneously collected into EDTA tubes (BD Vacutainer, Plymouth, United Kingdom). Plasma was obtained directly after centrifugation at 2500 rpm for 10 min and stored at −22 • C, whereas capillary DBS were stored at ambient temperature. DBS samples were analyzed (single determination) using the automated system described in this article, whereas plasma samples were quantified using LC separation with fluorescence detection as previously described [42] .
This study was conducted according to the revised Declaration of Helsinki, the standards of Good Clinical Practice, and the Fig. 3 . Direct extraction profile of DBS containing flurbiprofen at 10,000 ng/mL using the manual desorption cell (A), and the on-line DBS automated system with blank filter paper analyzed between each DBS desorption (B). Desorption was carried out with a MeOH flow rate at 0.1 mL/min. Swiss regulatory requirements. The protocol was approved by the Ethics Committee of our institution (ID: 09-157), and the trial was registered prior to patient enrolment at ClinicalTrials.gov (ID: NCT01026714). Written informed consent was obtained from each subject prior to inclusion.
Results and discussion
Evaluation of the on-line DBS automated system
Comparison between a desorption cell and the automated system
The on-line DBS concept was previously introduced in order to directly integrate a filter paper into a LC/MS system [35] . For this, a desorption cell was developed to accommodate a filter paper. By permitting the direct extraction of spotted analytes toward the analytical system, the procedure coupled the well-known advantages of the filter paper for bioanalysis (storage, shipment, less invasive) with a no sample pretreatment procedure. A limitation of this previous procedure was that multiple analyses required the manual inversion of the different cells. The described on-line DBS automated system was designed and developed to avoid this limitation.
The present prototype constituted of 30 wells where the DBS could be set. An automatic clamp ensured the selection of a position and the desorption of the analytes in a sequential way (see Section 2.3.1). Overall, the prototype could be represented as the combination of 30 desorption cells integrated in an automatic process.
Previous tests of the automated system were focused on ensuring that the properties of desorption demonstrated by the desorption cell [35] were also relevant for the present prototype despite the geometry of the 30 wells being developed as close as possible to the desorption cell.
Optimization and validation of the overall analytical method were carried out using FLB and its metabolite OH-FLB. Parameters of the on-line DBS prototype, such as the choice of the organic solvent, desorption flow rate and desorption time, were found to be identical to those obtained for the desorption cell. Finally, a desorption with a MeOH flow rate at 0.1 mL/min over 5 min offered the best compromise for the present application in terms of extraction efficiency, sensitivity, and analysis speed. As demonstrated in Fig. 3 , the extraction profile was shown to be identical between the two processes.
In contrast to the desorption cell, importance was placed on evaluating some properties inherent to an automatic procedure. For this, a validation was carried out on the two selected probes to evaluate parameter such as carry-over, recovery, accuracy and precision of the developed method, and will be discussed in the following section. All these parameters were investigated because they were clearly influenced by the viability and repeatability of the present prototype.
Validation data
Bioanalytical validation was carried out on FLB and its metabolite OH-FLB using the on-line DBS automated system coupled to LC/MS/MS. Beyond the validation of the two probes for the pharmacokinetic application, the tested parameters (see Table 2 ) also allowed for the confirmation of the prototype viability.
To select the most suitable response function, several regression models were tested. It was determined by calculating the existing relationship between the analytical response and the expected concentration, and by applying different weighting factors [43] . For both FLB and OH-FLB, the best results were obtained for weighted linear regression with a weight factor of 1/x. The linearity was calculated by fitting the back-calculated concentrations of the QCs as a function of the introduced concentrations and by applying the linear regression model based on the least squares method [44] . The assay was found to be linear for each analyte over the tested concentration ranges since coefficients of determination (r 2 ) were above 0.9998 and slope values were between 1.005 and 1.072 (data not shown). QC concentration levels were chosen to encompass the clinically relevant range of concentrations found in patients after oral administration of a single 50-mg dose of FLB [40] . The trueness represented the systematic errors of the method and was calculated as the ratio between the nominal and the average measured concentrations. As shown in Table 2 , the relative bias was between −5.1% and +6.7% for both analytes. The precision, representing random errors, was expressed by the repeatability (RRSD) and the intermediate precision (IPRSD). Both R R.S.D. and IP R.S.D. values were below 12% for every tested concentration level (see Table 2 ).
In order to test the selectivity of the method, the blank DBS obtained from the 10 volunteers recruited during the pharmacokinetic study were checked for interference. Results presented in Fig. 4(C-E) showed that no interfering peaks were observed in the retention window of the analytes.
With the on-line DBS automated system procedure, encountered sensitivity was over the concentration range required for this pharmacokinetic application. This advantage allowed the safe quantification of the compounds with an LOQ of 10 and 100 ng/mL for OH-FLB and FLB, respectively. In addition, the encountered sensitivity set the LODs at 1 ng/mL for each compound of interest. LOQ was determined as the lowest QC with trueness and precision under 15%, while LOD was set at 3 times the S/N ratio. Even if only 5 L of blood were spotted on the filter paper, the good sensitivity obtained might be explained from the use of the on-line DBS process where a solvent is continuously percolated through the filter paper during a fixed time period [35] .
Evaluation of matrix effect is an important issue for the validation of bioanalytical methods when atmospheric pressure ionization techniques are used, especially for ESI. Different strategies have been published to determine these matrix effects like the method described by Matuszewski et al. [45] or the method of post-infusion [25, 35] .
Due to the on-line desorption of DBS, post-fortification of blank DBS samples after extraction to directly determine suppression with the Matuszewski procedure was challenging. An alternative way to evaluate matrix effect in this procedure consisted of spotting corresponding standard methanolic solutions of the compounds directly on the filter paper (DMS). Indeed, rather than comparing the peak area of analyte added after desorption of a DBS compared with that of the analyte in the mobile phase, the absolute analyte peak area obtained after DBS desorption was directly compared with the absolute analyte peak area obtained after DMS desorption to avoid contributions from the extraction procedure. As shown in Table 3 , no matrix effect was observed with the developed method using this procedure. Post-column infusion confirmed these data, since any variation in the MS response was observed during the elution window of the compounds (see Fig. S1 ).
Carry-over and recovery
Compared to trueness and precision which are influenced by the entire method, carry-over and recovery are more dependent on the prototype specifications. During the analytical development of the LC methods, an important aspect to take into consideration was the possible memory effects from previous runs. These effects could lead to hazardous errors in the quantification of interest compounds [46] . Due to the novelty of the on-line DBS automated system, confirmation that no contamination occurred after successive desorptions had to be obtained. As demonstrated in Fig. 3 , no carry-over was observed (lower than 0.01%) after the desorption of the highest QC. This result could be explained by the use of the retracted clamp position after the desorption step that allowed the cleaning of both pistons and the LC tubing with a high MeOH flow rate.
In the present procedure, recovery could be considered as the on-line desorption efficiency of the automated system. Due to the micro sampling volumes, the desorption efficiency had to be sufficiently high to reach the lowest concentration ranges. As illustrated in Table 3 , acceptable recoveries were obtained for both FLB and OH-FLB at the two tested concentrations. Therefore, this method had the sensitivity required for the pharmacokinetic characterization of both analytes.
Stability of DBS
To ensure that DBS specimens collected during the pharmacokinetic study could be shipped and stored at ambient temperature, FLB and OH-FLB stability was investigated over 30 days at four different temperatures between −40 and +40 • C. Table 4 . shows data that indicate good stability for both analytes, since all the DBS samples stored over 30 days provided concentrations between 85% and 115% of the corresponding 1-day-old DBS samples. Moreover, no Table 3 Recovery and matrix effect for both analytes in DBS at two concentration levels (n = 3) (low level corresponds to 10 and 100 ng/mL for OH-FLB and FLB, respectively; high level corresponds to 1000 and 10,000 ng/mL for OH-FLB and FLB, respectively). Table 4 Stability for both analytes in DBS at two concentration levels (n = 3) after 30 days of storage (low level corresponds to 10 and 100 ng/mL for OH-FLB and FLB, respectively; high level corresponds to 1000 and 10,000 ng/mL for OH-FLB and FLB, respectively). significant difference was observed between the four tested temperatures. These results were in agreement with those previously published [20] suggesting that DBS samples could be collected, shipped, and stored at ambient temperature or warmer, avoiding unnecessary refrigeration costs.
Pharmacokinetic study
A pharmacokinetic study of FLB and OH-FLB was successfully performed on 10 healthy male volunteers over 8 h. To demonstrate that the DBS process was suitable for performing clinical analyses as well as conventional plasma collection, a comparison was carried out between DBS and plasma pharmacokinetics. Fig. 5 illustrates typical concentration-time curves of FLB and OH-FLB obtained from both sampling methods. As can be seen, a good correlation between the DBS and plasma time-points was found. This correlation is emphasized by the graphical representation proposed in Fig. 6 . As expected, an identical bias was obtained for both FLB and OH-FLB with linear regression slopes close to 0.53.
The means bias, characterized by the above calculated slope, could be attributed to the presence of blood cells in the whole blood (e.g., used for DBS) which induce differences in sample vol- ume compared to plasma. This difference is directly dependent on the patient hematocrit, which has to be taking into considerations when DBS and plasma concentrations are directly compared [9, 30] . Indeed, the obtained slope could be interpreted as the inverse of the hematocrit, meaning the hematocrit of the 10 male volunteers was equal to 0.47. This value was within the commonly accepted hematocrit range for the male population [47, 48] . Furthermore, the coefficients of determination (r 2 ) observed for the two regressions were in agreement with the inter-individual variability of the hematocrit discussed above. Additional results of the pharmacokinetic study and the interpretation of the OH-FLB/FLB ratio for the determination of the CYP2C9 activity will be published elsewhere. 
Conclusion
This paper described the use of a homemade prototype directly coupled to a conventional LC/MS/MS system that allowed the automation of on-line DBS bioanalysis. This automated system was evaluated through the validation of a probe and its metabolite according to international guidelines. From the data, no carryover was observed with the prototype and acceptable recoveries were achieved. Furthermore, the entire analytical system provided good trueness and precision over the concentration range tested.
The automated system was successfully applied to a pharmacokinetic study of FLB and OH-FLB on human male volunteers. Due to the number of samples collected, a comparison between DBS and conventional venous plasma sampling was also performed. A good correlation for both analytes was obtained confirming that DBS may provide an alternative sampling technique to classic venous plasma for clinical and pharmaceutical applications.
Expansion of dried spot sampling involves developing new analytical strategies to be competitive with high-throughput requirements. As described, the prototype presents novel opportunities in filter paper analysis by affording an efficient tool for rapid and direct analyses of DBS specimens.
